Sound power level of a noise source is determined by means of sound pressure level or sound intensity level measurements performed in accordance to relevant ISO standards. The determination of sound power level according to ISO 3744, 3745 and 3746 standards is used for free field or for approximated free field conditions. Kinds of measurement surfaces, enveloping the noise source, number of microphones and their positions over the measurement surface are stated in the applied ISO standard. The effects of measurement surface and number of microphone positions on the determination of sound power level were investigated theoretically. As a measurement surface; hemisphere, parallelepiped rectangular box and cylindrical surfaces were selected. Key and additional microphone positions were taken into account in the calculations as well. Sound pressure levels of a commercially available reference sound source were measured in hemi-anechoic room using FFT with 4 Hz steps and also at 1/1, 1/3, 1/12 and 1/24 octave bands for all surfaces defined in ISO 3744 and 3746 standards. Sound power level, directivity index and uncertainty contributions resulting from measurement surfaces and number of microphone positions were calculated by using data obtained in measurements. In this paper the theoretical and experimental results are presented.
Introduction
There is lots of equipment, devices or machines, that radiate noise into the environment in which we live. In some cases the noise levels, that we are exposed to, are rated as harmful for hearing and/or disturbing for working comfort. Therefore levels of noise, emitted by those sources, must be measured and declared as the requirements of directives, e. Sound power level is the preferred quantity for the energy labeling of noise sources. There are various methods, having different accuracy levels, in different acoustic fields. Generally preferred method is the method in which sound pressure level is measured over an enveloping surface, surrounding the noise source hypostatically, and then sound power level is calculated by using surface averaged sound pressure level and measurement surface area. These kinds of measurement methods are standardized in ISO 3745 [1] for free field, in ISO 3744 [2] and in ISO 3746 [3] for essentially free field.
Another method for determination of sound power level is the averaging of the sound pressure in reverberant environments, which are described in ISO 3741 [4] and ISO 3743 [5, 6] for diffuse and nearly diffuse field respectively. In case of sound intensity measurement, * corresponding author; e-mail: eyup.bilgic@tubitak.gov.tr the methods used are standardized in ISO 9614-1, 9614-2 and 9614-3 [7] [8] [9] . Some author have used different algorithms for determination of sound power level of noise sources [10] .
Investigations, related in particular to error and uncertainty analysis of the determination of sound power level of noise sources were performed and their results were published [11, 12] . Recently, the results of European project "EMRP JRP SIB 56 SoundPwr-Realisation, dissemination and application of the unit of watt in airborne sound" were presented at Internosie 2016 Congress [13] [14] [15] . Although the measurement method used for determination of the sound power level is standardized, the results for the same noise source may be different for different methods. In all of these different methods, sound power level is determined with an uncertainty of several dB. Two of the major components of the uncertainty budgets, given in the relevant standards, are the measurement surface and the number of microphone positions.
In order to be able to compare the determined sound power level of a noise source, ISO 3744 and 3746 standards were selected. First the theoretical calculation of sound power level of an ideal, point noise source was made for parallelepiped rectangular box and cylindrical measurement surface in comparison to the spherical surface. Then the point noise source was translated by 1 m from the origin of coordinate system in horizontal plane, in order to simulate the directivity effect of the noise source on the sound power level. Later on, sound pressure level measurements of a commercially available reference sound source in hemi-anechoic room were performed using FFT and constant percentage bandwidth (CPB) analysis at 1/1, 1/3, 1/12 and 1/24 octave bands, for all surfaces defined in ISO 3744 and ISO 3746 standards.
Determination of sound power level of a source
Sound power level of a noise source is calculated from sound pressure levels using Eq. (1).
where, L w is sound power level, dB re 1 pW, L p is surface time-averaged sound pressure level, dB re 20 µPa, K 1 is background noise correction, dB, K 2 is environmental correction term, dB, S is measurement surface area, m 2 and S 0 is reference measurement surface area, 1 m 2 . In sound power level calculations using Eq. (1), the terms K 1 and K 2 were assumed to be zero for simplicity, because sound pressure level of the noise source is much higher than the background noise level and measurements are performed in hemi-anechoic room. While three different measurement surfaces are defined in ISO 3744 for sound pressure level measurements, the hemisphere, the parallel-piped rectangular box and the cylindrical surface, only the hemisphere and the parallel-piped rectangular box surfaces are used in accordance to ISO 3746. Selection criteria for the radius of hemisphere, measurement distance and dimensions of rectangular box, radius and height of cylindrical surface are given in ISO 3744 and ISO 3746 standards. Number of key microphone positions over the selected measurement surface and also the rules for additional microphone positions are expressed in related standards.
Measurement surfaces and number of microphone positions
Ten key microphone positions and ten additional microphone positions are recommended in ISO 3744 over hemispherical measurement surface. Here it is assumed that noise source is mounted or placed on the reflective floor. Locations of microphone positions are different for all noise sources and for broadband noise sources. If noise sources emit discrete tones, all noise source positions shall be used, if noise sources emit no audible discrete tones, broadband noise sources positions shall be preferred.
Four key microphone positions and four additional microphone positions shall be used in accordance to ISO 3746, over hemispherical measurement surface. Coordinates of the microphone positions are tabulated in ISO 3744 and ISO 3746.
Minimum number of the key microphone positions over parallel-piped rectangular box measurement surface depends on dimensions of the noise source, measurement distance and also on type of partial grids, dividing the measurement surface. Possible combinations are given in ISO 3744. For minimum source dimensions and rectangular partial areas, minimum number of microphones positions is nine and increases to 19 and to 29 with additional positions.
In case of selecting triangular partial areas, minimum number of microphone positions increases from 10 to 20 and to 40 with additional positions. The selection rules for number of microphone positions and the dimensions of the measurement surface for ISO 3746 are similar to those defined in ISO 3744 standard.
Minimum five of microphone positions is enough for simple and small size source. Cylindrical measurement surface is used only in ISO 3744, but not in ISO 3746 standard. Measurement microphones are distributed on lateral surface and top surfaces of cylinder. Contrary to the hemispherical and rectangular box surfaces, the positions of the microphones on cylindrical measurement surface are not at fix points. However they are positioned on circular paths with special diameters and height. Number of microphone positions and their coordinates are related to the dimensions of cylinder. Minimum number of microphone positions on the cylindrical surface is six. Four microphone positions are on the lateral surface and two microphone positions are on the top surface.
2.2. Theoretical calculation In order to compare sound power level of a noise source, determined on the measurement surfaces defined in ISO 3744 and ISO 3746, an ideal point noise source with zero directivity indexes was assumed. Because sound pressure levels are equal at every point over the hemisphere, the sound pressure level is uniform. Hemispherical measurement surface with radius of 2 m was selected as reference surface for calculation. Surface timeaveraged sound pressure level of the point source over hemisphere with radius r = 2 m was taken as L p = 85 dB re 20 µPa. Dimensions of other surfaces were restricted to the sizes that just enclose the radius of hemisphere. Thus the length and width of rectangular box were 4 m and its height was 2 m. The radius and the height of cylindrical surface were 2 m.
The term 10 log 10 (S/S 0 ) in Eq. (1) for the hemispherical surface is calculated as 14.002 dB and hence sound power level is calculated as L w = 99.002 dB re 1 pW for hemisphere. Surface time-averaged sound pressure levels for parallel-piped rectangular box and cylindrical measurement surfaces are different than L p = 85 dB, because of asymmetry of the measurement positions. Therefore, sound pressure level at every microphone position and path must be calculated using equation given below:
where R i is the magnitude of the vector from the center of coordinate system to microphone position on the measurement surface. Then surface time-averaged sound pressure level is calculated as energy average, using equation given below, for equal areas and unequal areas on measurement surface, respectively.
where N m is the number of microphone positions, S is the total measurement surface area, m 2 , S i is partial measurement surface area, m 2 . Directivity index is another important parameter for the determination of sound power level. In case of large sound pressure range over the measurement surface, to increase the number of microphone positions is the mandatory requirement of applied ISO standard, because this reduces the directivity effect on sound pressure level, averaged over the measurement surface. Contrary to the classification of ISO 3744, it is engineering; directivity indexes calculated for the microphone positions located in accordance to the ISO 3744 are higher than those calculated for the microphone positions located in accordance to the ISO 3746. One main reason is that four of all measurement distances from noise source to the microphone locations, defined in ISO 3746, are equal to each other, however some distances defined in ISO 3744 are different from each other. The minimum uncertainty contribution, caused by the limited number of microphone positions, is achieved with the hemispherical measurement surface. Uncertainty contributions of the measurement surface and number of microphone positions were calculated using expressions defined in Annex H of ISO 3744. The range for measurement distance in calculations was assumed to be ∆r = 0.05 m. Results of the calculations for all types of measurement surfaces and number of microphone positions are given in Table I . u mic is uncertainty contribution term due to the number of microphone positions. The term "Difference" in Table I is the difference between sound power levels in comparison to those obtained for hemispherical measurement surface. The range in dB for sound power level is the difference of maximum and minimum apparent directivity index for one measurement surface. In order to simulate typical asymmetric noise source in comparison to the measurement surface, the point source was shifted 1 m from the center of coordinate system along one of the axes in the horizontal plane, along x axis, for example. Sound power levels were calculated for all types of surfaces and possible number of microphone positions. Results are presented in Table II .
Measurements performed in hemi-anechoic room
Determination of sound power level of a sound source was carried out for a commercially available reference sound source, Brüel & Kjaer (B&K) Type 4204, in hemi-anechoic room in TÜBİTAK UME. B&K PULSE Type 3560D multi channel analyzer system and 1/2 condenser microphones G.R.A.S. Type 40AF and B&K Type 4191 and Type 4133 were used in measurements. Measurement chain composed of microphone, preamplifier, cable and analyzer was checked before and after the measurement series by using B&K Type 4231 Sound Calibrator. Sound pressure level measurements in hemi-anechoic room were performed using FFT and CPB analysis at 1/1, 1/3, 1/12 and 1/24 octave bands for all surface types defined in ISO 3744 and ISO 3746 standards. Measurement parameters are given in Table III . Calculated sound power levels, their comparison and uncertainty contribution, resulted from the measurement surface, u surf are presented in Tables IV and V and in Figs. 1-10 . Range factors due to the measurement surface type are given in Table VI . A comparison between uncertainty contribution of number of microphone positions and surface type is made in Table VII and also in Figs. 11-14 . 
Discussion
Sound power level of a reference sound source was determined in accordance to ISO 3744 and ISO 3746 standards. Uncertainty contributions, resulting from measurement surface and number of microphone positions, presented in Table V , were calculated for various octave bands and measurement surfaces on which the actual measurement was performed.
The results presented in Figs. 11-14 are used to compare the determined sound power levels, as energy labeling is performed by means of A-weighted sound power levels. Closest sound power levels were obtained over the hemispherical measurement surfaces, in accordance to ISO 3744 and ISO 3746, for the dedicated reference sound source. These are followed by sound power levels, obtained over the hemisphere and over the parallel-piped rectangular box, in accordance to ISO 3744. Generally, the biggest difference in sound power levels was obtained over the cylindrical and hemispherical surfaces, in accordance to ISO 3744. It can be concluded that hemispherical measurement surface shall be preferred in case of no practical restriction on selection of measurement surface, even though uncertainty contribution of this surface is slightly higher.
Uncertainty contributions for all types of measurement surfaces vary between 0.11 dB and 0.17 dB. Uncertainty contributions of number of microphone positions for all types of measurement surfaces vary between 0.30 dB and 1.00 dB and are bigger in comparison to those of measurement surface contributions, as it is evident from values presented in Table V. The range is an objective parameter of number of key microphone positions. If the range is smaller than the number of microphone positions for selected measurement surface, it is assumed that the number of microphone positions is large enough and fulfills the requirement of related ISO 3744 or 3746 standard. In this study the number of key microphone positions is smaller than the range only for cylindrical measurement surface and it is necessary to make measurements at additional microphone positions, as it can be seen from Table VI.  Table VII gives information on the uncertainty contribution of number of microphone positions, obtained theoretically and experimentally. The values are close to each other for the case of point source and for the reference source used in measurement, due to thir symmetry.
Conclusions
Uncertainty contributions of measurement surface, number of microphone positions and the apparent directivity index were calculated theoretically in accordance to ISO 3744 and ISO 3746 standards. Sound power levels of a sound source, quantified as a reference source, were determined from the measurements over different types of measurement surfaces using different number of microphones locations. Uncertainty values given in tables are calculated from measurements and are not much different from those given in ISO 3744 and ISO 3746. These values can be used in case when no data is available for an appropriate measurement surface and number of microphone positions.
